A numerical taxonomic study of 138 Bacillus strains isolated from North Sea sediments is presented. The clustering process, based on 63 selected multistate features, resulted in the formation of two clusters separated by the VogesProskauer reaction. Further subdivision yielded six phenons, one of which corresponded to the conventional species Bacillus licheniformis . The strains, taken in the order in which they appeared in the dendrogram, exhibited a gradient in the frequency of positive answers to biochemical and physiological tests.
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In exploratory studies of the aerobic, heterotrophic bacteria from the North Sea floor, a high proportion of the random isolates were identified as Bacillus strains (4). Since most attempts at conventional identification of these strains at the species level failed, a numerical taxonomic study was made, the results of which are presented in this paper. A balanced set of morphological, physiological, and biochemical tests was gradually elaborated, and the Adansonian principle of the equal weight of all features was used as a guide in the interpretation of results. The principle forbids repeating questions even in a different form. Redundancy was avoided by elimination of grossly correlated tests and by disregarding all test results predictable from a prior test.
While this work was in progress, a comprehensive numerical taxonomic study by Bonde (5, 6) came to our attention; it will be shown that our results, though based on an independent set of tests, in part confirm those of Bonde.
MATERIALS AND METHODS

Identification a t Species Level
Reference strains. All reference strains used in this work are listed in Table 2 . They include one representative each of 12 species (serial no. 1-12) which were encountered in attempts a t identifying our own isolates.
Determinative keys. The two keys of Gordon (12) were used jointly. Preliminary tests using reference strains have shown that the results of this identification procedure were correct if, and only if, both keys assigned the strain to the same species.
The keys were used with a single modification, ignoring classification as Bacillus stearothermophilus based upon "growth at 65°C." Since our strains were isolated a t a temperature (18 or 30°C) at which all B . stearothermophilus strains fail to grow (12; it was verified that the three representative strains of this species listed in Table 2 failed to grow at temperatures up to and including 37"C), none of our isolates, even when able to grow at 65"C, could possibly belong to that species.
When one of the keys failed to yield a name or the two names were different, the strain was considered unidentifiable. A careful comparison with the description of the most relevant species in all cases confirmed the presence of unresolvable ambiguities.
Isolation of Strains Sediment samples. All samples were collected in the North Sea off the Belgian and Dutch coasts over the period of January 1972 to April 1975. The limits of the collection area and the sampling and preservation methods were described elsewhere (4).
Isolation procedure. Serial dilutions of the sediment samples were plated on ZoBell marine agar (MA [25] ). Colonies of all different types were picked out after 2 to 10 days of incubation at 18 or 30°C. All isolates were purified three times by streaking on MA. Nonsporulating and apparent repeat isolates were discarded after examining the colonies and the results of Gram and spore staining.
Nineteen sediment samples were used in total. Each sample yielded from 2 to 18 different isolates.
The strains are listed in Table 1 .
Test Procedures
General. Unless specified otherwise, all tests were carried out at 30°C. Published procedures were followed except for the determination of colonial morphology and sugar fermentation tests (see below). The analysis of only three out of 141 isolates had to be discontinued for lack of growth on most test media. Only one isolate (VUB 83) had an absolute requirement for salt. For this strain, 3.5% NaCl was added to all media, except gelatin and litmus milk, which were altered by this addition.
Colonial morphology. Normal streak inoculation yields colonies whose size depends on their local density. In turn, other colonial features appear to depend on size. These uncertainties were avoided by implanting widely separated duplicate colonies by a 427 touch of the inoculation needle and by reading the results after a long incubation time. Using marine agar and 10 days of incubation a t 30°C, highly reproducible readings of size, brilliance, opacity, and color intensity were obtained (color itself was not 228 tests) . The information content of these tests was evidently very low due to the rarity of positive results. When peptone was used as the source of nitrogen, the same strains yielded 36% of positive results (82/228), and the distribution was therefore much closer to the ideal fifty-fifty. For this reason, the acid production from all sugars was tested with peptone as the nitrogen source. The results were read daily for 5 days. Where eventual alkalinization of the medium occurred, it developed so slowly that the observation of the initial acidification was usually not interfered with. If the test was positive at any time within the 5 days, it was recorded as positive.
The acid production tests with ammonium nitrogen were dropped except for glucose. For this sugar, the distribution of positive and negative strains was better balanced (62 positive strains out of 138) with ammonium phosphate than with peptone (120 positives out of 138).
Selected Tests
The following 63 tests were used in the computation of the similarity coefficients. The number, n , of states of each character is given in parentheses. For n 2 3, the meaning of the different states is explained when not immediately obvious. The sign $means that the character was also used in the computation of the positivity index.
Morphology of vegetative cells. Nutrient broth (NB) culture was used unless specified otherwise. Length (seven states, class boundaries 9, 7.5, 6,4.5, 3, and 1.5 pm) and width (seven states, class boundaries 1.5, 1 . 3 , l . 1,0.9,0.7, and 0. 5 
Mathematical Procedures
Multistate encoding of results. The most positive answer to each test was encoded as 6 and the most negative as 0. According to the nature of the test, the results were encoded as 6 or 0 (two states), as 6, 3, or 0 (three states), as 6, 4, 2, or 0 (four states), or as 6, 5, 4, 3, 2, 1, or 0 (seven states). The results of two highly correlated tests (such as the two motility tests) were sometimes cumulated to form a single three-state character (2, 1, and 0 positive results encoded as 6 , 3 , and 0, respectively). A "no-comparison" symbol was used (i) when the test could not be validly performed (usually for lack of growth in the test medium) and (ii) when the result could have been predicted from that of a prior test (e.g., when no acid was produced from glucose, the results were also automatically negative for the other sugars, a motile strain was necessarily flagellated, etc).
The encoded results of the 63 selected test strains (Tables 1 and 2) were lodged in the World Data Center for Microorganisms, Brisbane, Australia.
Weighting of sugar fermentation results. Since the total contribution of the sugar fermentation tests was disproportionately large, the acid production from 12 sugars other than glucose was given only one-third the normal weight in the calculation of the similarity coeficients. This weighting was introduced mainly t o reduce the artificial increase in the similarity coefficient of strains which have in common only the fact that they ferment few sugars (numerous 0 -0 comparisons).
Distances and similarity coefficients. To compute the distance of two strains, the difference of the encoded figures was computed for each multistate character (except when a no-comparison symbol turned up), and the absolute values of these differences were summated over all characters. The distance D was defined as the quotient of this sum by the maximum possible sum of differences. Clustering procedure. Junctions at decreasing similarity levels were established by an unweighted pair-group method using arithmetic averages (19) . The dendrogram thus obtained was then ordered. Each element being joined to a cluster was placed on that side of the cluster where its SC to the outermost element in the cluster was the higher. Similarly, of the four relative positions which are possible when two clusters are joined, that position was chosen in which the most similar external elements of both clusters were next to each other. Larger clusters were ordered by a trial-and-error process using average similarity tables (e.g., Table 3 ) and two computer-generated similarity matrices as a guide. The first matrix classically emphasized the higher SC values, the aim being to bring these as close as possible t o the diagonal; the second matrix emphasized the lower SC values and served mainly to warn against placing very dissimilar elements close together.
Additive binary coding. Each of the 63 original nstate characters was broken down into n -1 binary alternatives; 109 binary tests were obtained. For example, the four-state character "diameter of colonies" with the alternatives >12 mm (encoded as 6), 6 to 11 mm (encoded as 41, 3 to 5 mm (encoded as 2) and <2 mm (encoded as 0) was replaced by the three binary tests >12mm, > 6 m , >3mm, yielding the four combinations 000, 001, 011, and 111. The list of binary characters and the encoded results were also lodged in the World Data Center for Microorganisms, Brisbane, Australia.
RESULTS
Selection of Tests
Tests yielding invariant results. All our isolates from marine sediments shared the following properties: gram positive in young broth culture; mesophilic (optimum 30 or 37°C); positive to a sensitive test for catalase (flooding of plates with 1% H,O,; a Clostridium perfringens strain was used as a negative control) (the catalase test described among the selected tests [see Materials and Methods] in which 10% H,O, was used was often negative); no indole produced; no gas produced from sugars; no alkalinization of Koser medium supplemented with glycerol, sodium ascorbate, benzoate, formate, oxalate, propionate, or tartrate; insensitive to polymyxin in disk test.
The following tests yielded uniform results with one to three exceptions out of 138: one spore per sporangium (exception: strain VUB 12, see below); spores oval (exception: strain VUB 85 had round spores resembling those of test strain Bacillus sphaericus CIP 5125); no hydrogen sulfide produced; no acid produced from arabinose, dulcitol, inositol, ramnose, or rhamnose with peptone as the nitrogen source.
The above results describe constant features of our isolates from marine sediments, but the uniformity of these isolates' results renders the tests useless for purposes of numerical taxonomy. .
Other rejected tests. The following tests were rejected because they failed to give clearcut or reproducible results in our hands: presence of capsules, anaerobic growth on BBL anaerobic agar without dextrose or Eh indicator, production of ammonia from peptone, hydrolysis of phenolphthalein monophosphate, peptonization of litmus milk, sensitivity to sulfafurazole.
Other tests were dropped because their results were highly correlated with those of a similar test. For example, 11 of 16 antibiotic sensitivity tests and the "presence of vacuoles" (identical results to presence of lipid droplets) were disregarded for that reason. The final selection left 63 multistate characters (see Materials and Methods) with a total of 172 states, which were used for computation of similarities.
Cluster Formation Main clusters. The Table 3 gives their intragroup and intergroup" average similarity. The large difference between the intergroup average similarity of 62.8 and the intragroup averages (about 72) validates the separation of the two main clusters. Structure of cluster A. This cluster contained two subclusters, A1 and A2, of 27 and 21 strains, respectively. Again, the validity of their separation was established by their high intragroup similarity averages and much lower intergroup average ( Table 4) . Groups A1 and A2 were of sufficient size and coherence to be considered as phenons. A description of their centrotype strains (defined here as the strain with the highest average similarity to the other elements of the group) is given in Table 5 .
The remaining 15 strains of cluster A formed two loose subclusters (A3).
Structure of cluster B. The dendrogram of cluster B did not immediately suggest an obvious subdivision. The clustering process showed continuous growth around a main nucleus of ll similar strains in group B1 and around several smaller nuclei. The clusters B2, B3, and B4, which were formed at similarity level 75, joined B1 in rapid succession below that level (Fig. 1B) . The four clusters B1 to B4 each had 10 to 23 strains and a high internal similarity average (Table 4) ; they were therefore considered as phenons. The centrotype strains are described in Table 5 .
Again, a residue of 18 strains of low coherence was left (B5).
Diagnostic Value of Tests
Selection of most discriminating tests. For each of the 109 binary tests, the proportion of strains yielding positive results was computed, as was the absolute value d of the difference in these proportions between the two groups of strains mentioned in each section of Comparison of clusters A and B. The feature with the highest discriminating power was the Voges-Proskauer (VP) test. All strains of phenons A1 and A2 were VP+ and a13 strains of phenons B1 to B4 were VP-. Only the marginal groups A3 and B5 gave mixed results. The reproducibility of this test was excellent when long incubation times (5 days at 30°C) were used. When results were read after only 2 days, five of the 54 VP+ strains yielded negative or slightly positive results, even though full development of the culture was attained. These strains were therefore slow acetoin producers. The VP reaction of all reference strains ( Table  2 , serial no. 1-12) was as expected from the species description.
All strains of phenons A1 and A2 had small cells (dimensions less than 0.9 by 4.5 pm), small (<3.0 pm) nonbulging sporangia, and thin-walled spores. All were motile, tolerated 7% NaCl and pH 5.7, digested gelatin, and formed acid from glucose with peptone as the source of nitrogen. All but a few strains grew at 44"C, digested pectate, and produced abundant catalase.
In cluster B, size, motility, tolerance of 7% NaCl, growth at pH 5.7 and at 44"C, abundance of catalase production, digestion of gelatin, and acid production from glucose were variable. Thirteen strains had thick-walled spores and three of these (VUB 71, 83 and 85) had clavate sporangia; the other strains had nonbulging sporangia. All our isolates except one (VUB 85) had oval spores.
Features distinguishing phenons. A relatively long list of features, headed by the amylase test, clearly distinguished phenons A1 and A2. The phenons of cluster B were less clearly differentiated. Phenon B2 was distinguished by the ability of all its strains to reduce nitrate and to grow anaerobically. The strains of phenon B3 were distinguished by their ability to grow at pH 5.7 and those of B4 were distinguished by their inability to ferment saccharose. The strains of phenon B1 had the fewest distinctive features. This was in agreement with the nuclear role of this phenon in the clustering process (see above) and with the high intergroup similarity averages between B1 and the other groups of cluster B (Table 4) Two-spored strain: isolate VUB 12 (identified as Bacillus cereus) formed two spores per sporangium. Except for this peculiarity, this strain had little in common with previously described two-spored rods, the species Bacillus viridiglaucescens Sack (17) and the several species isolated from tadpole intestine (11).
Thermotolerance: the exceptional thermotolerance of some of our Bacillus isolates (up to 75"C, i.e., as high as the most tolerant B . stearothermophil us strains L131) has been described previously (4) . The most tolerant strains were distributed at random along the dendrogram.
Attempts at Conventional Identification
Cluster A. Twenty of the 27 strains of phenon A1 were identified as B . Zicheniformis, one was identified as Bacillus subtilis, and one was identified as B . cereus. The reference strains Bacillus subtilis CIP 5265 and B . licheniformis CIP 5271 developed their highest individual and average similarity values with the strains of this phenon (Fig. 1A and Table 7) . Of the 21 strains of phenon A2, only four were identified as Bacillus pumilus and one was identified as B . licheniformis. The type strain B . pumilus CIP 5267 mapped centrally in this phenon (Fig.  lA) , and its average similarity to phenon A2 was markedly higher than to any other phenon ( Table 7) . The 16 unidentifiable strains all belonged to the "subtilis spectrum," but could not be unambiguously assigned to B . subtilis, B . pumilus, or B . licheniformis. The often noted similarity of these three species was also emphasized by the high degree of similarity among their type strains (average SC of strains CIP 5265, CIP 5271, and CIP 5267: 75.9). Three of the 15 marginal strains forming group A3 were identified as B . cereus, two were identified as Bacillus megaterium, and one was identified as Bacillus firmus. The reference strain B . megaterium CIP 5117 also mapped in A3 (Fig. 1A and Table 7 ), but the B . cereus reference strain could not be easily mapped ( Table  7) .
Cluster B. Six of the 74 strains in cluster B
were identified by the two keys of Gordon (12) as B . firmus. The reference strain B . firmus CIP 5269 mapped in phenon B2 (Fig. 1B) and had relatively high average similarities with phenons B1, B2, and B4 ( Table 7) . The remaining 68 strains could not be identified unambiguously. Twenty of these strains were identified as B . firmus by one key and as B . megaterium (13 cases) or Bacillus coagulans (seven cases) by the other key. the firmus-megaterium alternative was at first surprising since the two species differ by at least three clear-cut characters, i.e., width of cells, presence of lipid drop- terium appeared in an uncorrelated way and were also expressed to various degrees. Some strains were identified by one of Gordon's keys as B . coagulans, but this identification was untenable as these strains differed from the species description by being able to grow in the presence of 7% NaCl and unable to grow in anaerobiosis.
In conclusion, the performance of the conventional nomenspecies in identifying our isolates from marine sediments was poor, except for the strains of phenon Al, most of which were identified as B . Zicheniformis. Of the remaining 111 --- strains, only 17, or less than one in six, was identifiable. Based on the few positive identifications and the mapping of reference strains, phenon A2 and cluster B were loosely related to the conventional species B . pumilus and B . firmus, respectively. ons.
Comparison with Numerical Taxonomic System of Bonde
Bonde (5, 6) was able to assign a wide spectrum of mesophilic Bacillus strains to 10 phen- " Highest figure in columns is underlined. A central strain of each phenon ( Table 2 , serial no. 13-22) was analyzed, and the individual SC and group averages to the VUB strains were computed. The results (not shown in detail) can be summarized as follows. The two strains representing phenons IIAT and IIIB (IHA 448 and IHA 321) had very low similarity to any of our strains or groups; the strains representing the remaining eight phenons developed high similarities with our phenons A1 or A2, or both, to the exclusion of all other groups. Though these results did little to clarify the relations, they were at least consistent with the observation that all of Bonde's 10 test strains in our hands were VP+, and this again emphasizes the importance of the Voges-Proskauer reaction.
Gradient of Positivity
Inspection of the data in Table 6 shows that, on the average, the strains of phenon A1 scored more positive results than those of A2, and the strains of cluster A scored more positive results than those of cluster B. This apparent trend was measured more precisely by computing for each strain the total of positive answers to the 43 tests (see Materials and Methods) which expressed positive physiological or biochemical abilities (synthesis of a product, use of a substrate, ability to grow vigorously or in adverse conditions). The results are shown in Fig. 2 . The proportion of positive results varied from over 80% for some strains of phenon A1 to less than 20% for some strains in the B3-B5 area. Not surprisingly, the lowest proportions were scored by nonfermenting strains.
The results establish the existence of a gradient of "positivity" when the strains are ordered according to the dendrogram.
DISCUSSION
Bacillus strains tend to exhibit "a graduated series of differences like the gradations of a spectrum in which colors fade into one another in sequence" (13). In addition, "all too often, the determination of a strain is impossible either because the currently accepted species are too poorly defined or because the distance to these species is excessive" (3). This state of affairs calls for the creation of more hospitable taxa. If these are to be defined by the method of numerical taxonomy, it is, however, essential that (i) a highly diversified and balanced set of nonredundant tests be used, and (ii) the strains un- (Fig. I ) VPi-and all strains of B were VP-. In our hands, the Voges-Proskauer test was perfectly reproducible, provided due allowance was made for slow acetoin producers.
Cluster A contained two tight phenons, one of which corresponded to the conventional species B . licheniformis. A few strains of cluster A were found to belong to five other species. Cluster B contained only a few identifiable strains, all of which were B . firmus.
All the species that turned up belonged to group I of Smith et al. (18) ; since nearly all the unidentified strains also had oval, nonbulging spores, they also belonged to that group.
To our knowledge, the only other available data on the Bacillus population of marine sediments are these of Bonde (5, 6) . This investigator also found that a large proportion of the strains isolated from marine and coastal sediments belonged to the subtilis spectrum. Bonde reported species we did not encounter (BaciZZus brevis, B . sphaericus, Bacillus pantothenticus) and failed to report B . firmus, but these discrepancies may be due to differences in methodology. Bonde probably used less stringent identification criteria since he considered only 16% of his isolates from marine and coastal muds unidentifiable, whereas the proportion of unidentified strains in our hands was 73%. In his study of mesophilic Bacillus isolates of different origins, Bonde ( 5 , 6 ) obtained 10 phenons, most of which were unrelated to conventional species. Our own phenons or larger clusters could not be directly equated to any of these and the comparison was hampered by the different set of tests that were used. Still, a comparison based on 10 critical tests which were apparently performed in the same way in the two laboratories revealed the general statistical resemblance between our clusters A and B, and Bonde's phenons IIIA and IIB, respectively (Table 9) .
Geslin (Ph.D. thesis, University of Poitiers, Poitiers, France, 1975) examined nearly 300 Bacillus strains from different aquatic biotopes and found that the predominant physiological groups were Alb (gelatin liquefied, nitrite produced, glucose fermented, lactose not fermented) and Blb (nitrite not produced, otherwise as Alb), in that order. Our own isolates exhibited the same pattern: 45 strains belonged to group Alb, 23 belonged to Blb, and no more than five belonged to any other single group. The correlation between those physiological groups and our own phenons was poor, however.
From the relative morphological homogeneity and the many invariant physiological characters of our new isolates, it may be concluded that the aerobic, sporulating rods one finds in North Sea sediments belong to a relatively small area of the Bacillus spectrum.
On the other hand, our isolates differed widely by the extent of their biochemical abilities. As shown in Fig. 2 , a gradient of positivity (as measured by the proportion of positive answers to 43 physiological and biochemical tests) could be superimposed upon the dendrogram. Our findings can be compared to those of Joly (Ph.D. thesis, University of Clermond-Ferrand, France, 1973) who established a "theoretical average profile" of 22 Bacillus species based on the final results of 83 biochemical tests and the time required for those results to become positive. Disregarding the time factor, we used Joly's data to compute the percentage of positive tests for the species relevant to the present work. The score of B . licheniformzs (55% positive) was roughly double that of B . firmus (27%). Similarly, the positivity index of 69% obtained in the present work for phenon A1 (Fig. 21, which corresponded to B . Ezcheniformis, was about double that of cluster B (35%) which was related to B . firmus. Both Joly's and our own findings suggest that Bacillus taxa, whether conventional or numerical, may be ranked by an index of positivity. This index may perhaps turn out to be the unifying concept or "wavelength" of the Bacillus spectrum.
Looking to our data from another perspective, the coexistence in the same biotope of strains with very different biochemical capabilities also raises an intriguing ecological problem. 
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